Starting from the heat equation, we discuss some fractional generalizations of various forms. We propose a method useful for analytic or numerical solutions. By using Hermite polynomials of higher and fractional order, we present some operational techniques to find general solutions of extended form to d'Alembert and Fourier equations. We also show that the solutions of the generalized equations discussed here can be expressed in terms of Hermite-based functions.
Introduction.
It is well known that a generalization of the Fourier heat equation for one spatial variable has the form [1] (1) ∂ ∂x where m, r ∈ N and h ∈ R, h = 0. The integer indices are considered as relatively primes, and x, t variables as complex or real, just like the h constant.
It is also known that the one-dimensional wave equation derives from Eq. 1 when m = 1 and r = 2, thus taking the following form: (2) ∂ ∂x u(x, t) − 1 h ∂ ∂t with x the spacial and t the time variable, usually non-negative. Its solutions are renowned, and one of its most frequently exploited form is the Gauss transform [3] (5)
which is kind of a convolution of the g(x) function with a Gaussian. Its solution exists when the integral on the r.h.s. of Eq. 5 converges, and for non-negative values of t; its fundamental form is
which is recognized as the Green's function [3] , with no limitations on x.
A description of the above-mentioned forms of the generalized heat Eq. 1 can be derived by means of a generalized class of Hermite polynomials, as well as some special generalizations of Bessel functions.
Generalized Hermite polynomials and translation operators.
In order to introduce various classes of Hermite polynomials, one can use a different approach, which exploits the concepts and related formalism of translation operators [4, 5] .
One can start here from considering a real function, which is analytic in a neighborhood of the origin (but the generalization to the complex case of the properties being discussed is an easy task), so that it can be expanded into a Taylor series. Specifically, one can write
where λ is a continuous parameter. Under such a hypothesis, a so-called shift (or translation) operator e λ d dx produces a shift of the variable x by parameter λ:
which gives, using Eq. 7,
Under the same hypothesis a further relation can be established for f (x), which is the following
as well as
There exists a wide theory [4, 6] regarding the properties that involve exponential operators; for our purposes, we will focus on some elementary rules, such as the ones mentioned above.
We introduce here the two-variable Hermite polynomials [6] by using the techniques of translation operators. From Eqs. 9, 10, and 11 one can retrieve (12) e
where again f (x) is an analytic function, and y is a real variable. By noticing that
which represents the general action of the exponential operator. One can now define the two-variable Hermite polynomial of Gould-Hopper type [7, 8] by setting the following formula:
It is important to notice that, assuming
one can immediately obtain the following identity:
From the above relations, one can derive an elementary form of this kind of Hermite polynomials. Indeed, from identity 12 one infers:
where H
n (x, y) is a slight variant of H n (x, y). The two-variable Hermite polynomials of type H n (x, y) are linked to the ordinary Hermite polynomials by the following relation [5] :
where:
It must be stressed that the definition of the Hermite polynomials H n (x, y) is not limited to positive values of y, so that, in principle, one can use this family of polynomials as a basis to get solutions for generalized heat equations.
It is useful to notice that the H n (x, y) polynomials solve the following partial differential equation [5, 9] :
which can be easily recognized as belonging to the general case of generalized heat equations presented in the previous section (see Eqs. 1 and 4).
In order to prove relation 21, one can notice that, by separate differentiation with respect to x and y in Eq. 15, the following relations are derived:
furthermore, differentiating the former equation in cluster 22 with respect to x, the relation
is retrieved, which, combined to the latter, allows for concluding that Eq. 21 holds true. It is worth noticing that, starting from the explicit form of two-variable Hermite polynomials (see Eq. 15), one can explore a special case:
Eq. 24 suggests one to read Eq. 21 as ordinary in the y variable; Eq. 21 is also linear, so that one can consider the following Cauchy problem:
and straightforwardly get the solution [5, 9, 10] :
which can also be interpreted as a proof of our early definition of Hermite polynomials of type H n (x, y) given in Eq. 14. We will use the formalism presented in this section to find solutions of generalized d'Alembert and Fourier equations presented in the Introduction.
Solutions of generalized d'Alembert and Fourier equations.
Starting from Eq. 1, we consider here the case m = 1 and r any positive integer:
In order to write the general solution, we start from the case r = 1, and notice that Eq. 27 can be formally rewritten as (28) ∂ ∂t u(x, t) = hΘu(x, t), whereΘ = ∂ ∂x . Clearly, operatorΘ can be treated as a constant, thus Eq. 28 can be read as an ordinary, linear differential equation with respect to y, by setting the initial condition
with g(x) analytic in a neighborhood of the origin, that is,
one can immediately state the solution of the Cauchy problem linked to Eq. 28:
Hence, using properties of exponential operators discussed in the previous Section (Eq. 9 in particular), one obtains (33) u(x, t) = g(x + ht), which provides the most general solution of the partial differential equation appearing in Eq. 1 for the case m = 1, r ≥ 1. It is worth noticing here that the classical d'Alembert solution of the wave propagation is obtaned by setting r = 2.
Furthermore, we have proven that two-variable Hermite polynomials of type H n (x, y) solve the Cauchy problem appearing in Eq. 25, from which Eq. 26 was deduced.
That said, remembering that the generalized heat equation (Eq. 1) for m = 2 and r = 1 can be recognized as the Fourier heat equation (see Eq. 4), one gets the solution
In addition, using Eq. 17, one can recast the above expression in a more convenient form. Indeed, many families of Hermite polynomials can be considered quasi-monomials [11] under the action of particular operators and the setting of specific hypotheses. As to Hermite polynomials, it is common knowledge [12] that they are quasi-monomial with respect to the operators
with rules
holding true. In this context, it is possible to introduce many families of hybrid polynomials [13] and generalized special functions [14] , in the sense that one can replace the monomial variable with a quasi-monomial one, which, in our discussion, is the Hermite polynomial of type H n (x, y).
Taking into account the above, one can define, for an analytic real function g(x), its generalization based on the H n (x, y) polynomials, that is,
Finally, observing the structure of Eq. 34 and using Eq. 17, one can state a further, explicit form of the solution for the generalized heat equation in the case m = 2, r = 1, that is,
A different method to generalize, and consequently to solve, equations belonging to the class of the heat equation, consists in directly working on the Hermite polynomials to derive generalized families, then retrieving a different form of heat equations from these latter families.
To this aim, one introduces the Hermite polynomials of type H (m)
n (x, y) by setting [9] :
It is easy to realize that the above expression comes from the concepts, and the related formalism, of exponential operators presented in Section 2. Indeed, starting from Eq. 12, one can write:
and, since In order to prove the expression appearing in Eq. 40, it is interesting to notice that the Hermite polynomials H (m) n (x, y) can be equivalently introduced by direct use of their generating function. Indeed, exploiting the exponential e xt+yt m , the identity On the other hand, for y = 0 the polynomials H (m) n (x, y) return:
Then, one can observe that Eq. 49 is ordinary and linear in the y variable, thus recovering the solution of the Cauchy problem with initial condition y = 0:
It is evident that Eq. 49 is a slighty generalized form of the heat equation presented in the Introduction. Taking Eq. 1 into account, this suggests that a natural generalization can be implemented on an analytic function g(x) in order to introduce an m th -order Hermite-based function by setting [15, 16] :
n (x, y).
This last retrieval allows for obtaining the solution for the general case of the formal heat Eq. 1. Indeed, rewriting Eq. 1 in the form After setting u(x, 0) = g(x), under the same hypothesis given above, and taking into account Eqs. 52, one gets: 
Concluding remarks.
Before concluding, it is useful to emphasize the clear flexibility and potential of the classes of Hermite polynomials used here to find the solutions of some generalization of the heat equation [17] .
One can consider a generalized form of the Fourier heat equation, namely (56) ∂ ∂t u(x, t) = ∂ ∂x µ u(x, t),
where the differentiation order is any real value such that 0 < µ < 1, from which one can describe Eq. 56 as a fractional diffusive equation.
In order to treat a sort of fractional-order, generalized heat equation as displayed in Eq. 56, one can use an approach based on a further generalization of Hermite polynomials.
